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AbstractÐUsing Xenopus nerve±muscle co-cultures, we have examined the contribution of calcium-activated potassium
(KCa) channels to the regulation of transmitter release evoked by single action potentials. The presynaptic varicosities that
form on muscle cells in these cultures were studied directly using patch-clamp recording techniques. In these developing
synapses, blockade of KCa channels with iberiotoxin or charybdotoxin decreased transmitter release by an average of 35%.
This effect would be expected to be caused by changes in the late phases of action potential repolarization. We hypothesize
that these changes are due to a reduction in the driving force for calcium that is normally enhanced by the local hyperpolar-
ization at the active zone caused by potassium current through the KCa channels that co-localize with calcium channels. In
support of this hypothesis, we have shown that when action potential waveforms were used as voltage-clamp commands to
elicit calcium current in varicosities, peak calcium current was reduced only when these waveforms were broadened
beginning when action potential repolarization was 20% complete. In contrast to peak calcium current, total calcium in¯ux
was consistently increased following action potential broadening. A model, based on previously reported properties of ion
channels, faithfully reproduced predicted effects on action potential repolarization and calcium currents.

From these data, we suggest that the large-conductance KCa channels expressed at presynaptic varicosities regulate
transmitter release magnitude during single action potentials by altering the rate of action potential repolarization, and
thus the magnitude of peak calcium current. q 2001 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Neurotransmitter release is critically dependent on the
entry of calcium through voltage-dependent calcium
channels localized to active zone regions of the nerve
terminal.5,27,34 The magnitude and time course of calcium
entry during an action potential (AP) are very sensitive to
the rate of repolarization.3,50,64,67 In this context, the
gating of potassium channels is important, since they
shape the repolarization and afterhyperpolarization.
Blockade of voltage-gated potassium channels has been
shown to cause AP broadening, which increases calcium
in¯ux and enhances neurotransmitter release.3,50,67 Large-
conductance KCa (BK) channels are of particular interest,
since they have been shown to be selectively expressed
at nerve terminals6,32,49,53,65 and are co-localized with
calcium channels in the active zone.47,49,68 Their open
probability is increased upon binding calcium,36 and in

some preparations they can open during a single
AP.1,30,33,47,68 Since they can open during AP repolariza-
tion at synapses, BK channels are hypothesized to accel-
erate AP repolarization and terminate transmitter release.
At mature frog neuromuscular synapses, for example,
BK channel blockade increases transmitter release.48

When examined at the soma, blockade of BK channels
has been shown to broaden APs beginning at various
times during the repolarization phase, and to decrease
the size of the afterhyperpolarization.14,45,51,52,55,59,70

To study directly the role of BK channels in nerve
terminals, it is desirable to have access to the presynaptic
nerve terminal for electrophysiological recording.
Several preparations have been developed that allow
direct study of presynaptic ionic currents and transmitter
release.4,6,9±11,22,31,34,54,57,62 Recently, the presynaptic vari-
cosities that form on muscle cells in co-cultures of
Xenopus laevis spinal neurons and muscle have been
used for the direct study of presynaptic ionic currents
and transmitter release.68 This Xenopus nerve±muscle
co-culture preparation has previously been used to
study presynaptic sodium,29 calcium26,38,68 and calcium-
activated potassium currents, as well as calcium current
coupling to transmitter release.68,69 In this study, we test
the hypothesis that synaptic BK channels play a role in
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regulating transmitter release at cultured Xenopus nerve±
muscle synapses.

EXPERIMENTAL PROCEDURES

Xenopus nerve±muscle cultures

Fertilized eggs of Xenopus laevis were allowed to develop
to stages 22±2342 and cultures were made as described pre-
viously.61,68 The cultures were maintained at room temperature
in a de®ned medium containing either 40% Iscove's modi®ed
Dulbecco's medium or L-15 (Sigma, St Louis, MO), 50% normal
frog Ringer (NFR) and 10% deionized H2O, supplemented with
insulin, sodium selenite, transferrin, penicillin±streptomycin and
brain-derived neurotrophic factor (50 ng/ml; kindly provided by
Regeneron, Tarrytown, NY, and Amgen, Thousand Oaks, CA).
Recordings were made from neuritic presynaptic varicosities and
postsynaptic myocytes in one- to two-day-old cultures. Before
recording, the culture medium was replaced by the appropriate
bath solution.

Endplate current recordings

For recording of endplate currents (EPCs) in myocytes, the
traditional whole-cell patch-clamp technique was used. The
internal whole-cell solution consisted of (in mM): 100 KCl, 20
HEPES, 11 EGTA, 1 CaCl2, 1 MgCl2 (pH 7.4). Occasionally, the
intracellular sodium channel blocker QX-31421 was added to the
whole-cell solution at a ®nal concentration of 5 mM. NFR (in
mM: 116 NaCl, 3 KCl, 20 HEPES, 1.8 CaCl2, 2 MgCl2) was
used as the control bath for recording of EPCs.

Transmitter release was evoked (at 0.066 Hz) by one of three
methods of nerve stimulation: current injection during whole-cell
patch-clamp recordings from the presynaptic varicosity or neuron
somata, or extracellular stimulation of the presynaptic moto-
neuron somata. A polished pipette ®lled with bath solution was
pushed against the soma cell membrane to stimulate the neuron
extracellularly. A Grass stimulator (S-48) and stimulus isolation
unit were used to deliver 0.5±1.5-mA pulses which were 0.01±
0.1 ms in duration. The traditional whole-cell technique in fast
current-clamp mode was used to stimulate the neuron soma (0.5±
2 nA, 0.5 ms). The internal pipette solution for neurons con-
sisted of (in mM): 110 KCl, 1 MgCl2, 1 NaCl, 10 HEPES (pH
7.4). Mg-ATP (4 mM) and Na-GTP (0.3 mM) were added fresh
daily. The perforated patch whole-cell technique in current-clamp
mode was used to stimulate the presynaptic varicosity. The
internal pipette solution for varicosities consisted of (in mM):
52 K2SO4, 38 KCl, 1 K-EGTA, 5 HEPES (pH 7.2), plus 400±
600 mg/ml amphotericin-B.

Action potential recordings

APs were recorded from varicosities using the perforated patch
technique in ªfastº current-clamp mode35 on an Axopatch 200A
patch-clamp ampli®er (Axon Instruments, Foster City, CA). APs
were activated with current injection (at 0.2 Hz) directly into the
varicosity (0.35±1.3 nA for 0.5 ms). The pipette solution
consisted of (in mM): 60 K2SO4, 45 KCl, 8 MgCl2, 10 HEPES
(pH 7.4). Cultures were bathed in NFR before recording. The
pipette tip was dipped in the above solution for 3±5 s and then
back-®lled with this solution plus 400 mg/ml amphotericin-B
(Sigma, St Louis, MO).46 Only varicosities that were clearly in
contact with myocytes were selected for recording. Occasionally,
a-bungarotoxin (5 mg/ml) was focally applied to prevent twitch-
ing of the postsynaptic myocyte. The resting potential of vari-
cosities varied between 270 and 250 mV. A small amount of
steady current (,100 pA) was sometimes injected to keep the
resting potential near 260 mV.

Calcium current recordings

Recordings of calcium current in Xenopus neuron somata and
varicosities were made using the amphotericin-B perforated
patch-clamp technique, as described above. For recordings of

calcium current from neuron somata, the perforated patch pipette
solution consisted of (in mM): 68 CsMeSO4, 50 CsCl, 8MgCl2, 10
HEPES (pH 7.4), and the bath solution consisted of (in mM): 90
NaCl, 10 CaCl2, 1 MgCl2, 5 HEPES, 20 tetraethylammonium
chloride, 5 3,4-diaminopyridine (3,4-DAP), 1 mM tetrodotoxin
(pH 7.4). Step pulses to 120 mV from a holding potential of
280 mV were used to evoke calcium currents. For recordings
of calcium current from varicosities, the perforated pipette solu-
tion consisted of (in mM): 77 CsMeSO4, 38 CsCl, 1 EGTA, 5
HEPES, 1 3,4-DAP (pH 7.3), and the bath solution consisted of
(in mM): 116 NaCl, 10 HEPES, 2 KCl, 1 MgCl2, 10 BaCl2, 1 3,4-
DAP, 300 nM tetrodotoxin (pH 7.4). For all recordings, pipettes
were pulled and ®lled as described above. Access resistance
ranged from 8 to 12 MV and this was compensated for by 90%.
Linear leak subtraction was performed using four waveforms of
reverse polarity, each 25% of the size of the full waveform.

Drugs

The selective blockers of BK channels, iberiotoxin (IBTX;
Sigma, St Louis, MO) and charybdotoxin (ChTX; Bachem,
Torrence, CA), were used at 10±100 nM.20,39 Stock solutions
were made in 0.1 mg/ml cytochrome C dissolved in deionized
H2O and stored at 2208C. Both IBTX and ChTX were diluted
into NFR before use. a-Bungarotoxin was obtained from Sigma,
dissolved into bath saline, and used at 5 mg/ml. QX-314 was
obtained from Alamone Laboratories (Jerusalem, Israel) and
used at 5 mM; stock solutions of QX-314 (500 mM) were
dissolved in deionized H2O and aliquots were kept at 220oC
until the day of use. All other reagents and chemicals were
obtained from Sigma and dissolved into aqueous solutions.

Analysis

All acquisition and most analysis was done using the pClamp 6
suite of programs (Axon Instruments, Foster City, CA) running
on a Pentium-based PC. Miniature endplate currents (mEPCs)
were captured from recorded data using the Mini Analysis
Program (Synaptosoft, Leonia, NJ). Additional analysis was
done using Axograph 3.5 (Axon Instruments, Foster City, CA)
on a Power Macintosh.

Experiments in which EPCs were measured were selected for
analysis if the average of control EPCs was less than 5.2 nA. This
was done to limit estimated peak voltage escape errors to less
than 10%. The signi®cance of the effects of BK blockers at each
individual synapse studied was determined by comparing the
amplitude of EPCs before and after BK channel blockade using
Student's t-test. To test for signi®cance in the mean effect at all
synapses within a treatment group (IBTX, ChTX or vehicle
control), we compared the distribution of the ratios (treated
EPC/control EPC) to a theoretical population with a mean of one.

APs recorded from varicosities before and after perfusion with
100 nM IBTX were selected for analysis based on resting poten-
tial and the stability of the recordings. Experiments were
eliminated from the data set if the peak of the AP showed signi-
®cant rundown during perfusion with NFR. Sets of APs (three to
10) were averaged, and subsequent analysis was performed on
these averaged APs. To reduce potential effects of differential
sodium and potassium channel inactivation between individual
APs recorded from each varicosity, sets of APs were chosen such
that their resting potentials varied by no more than 1 mV and the
average of the resting potentials fell between 260 and 265 mV.
Signi®cance of effects of IBTX on AP shape was determined
using Student's t-test on the sets of APs that were selected for
averaging. In all cases, P , 0.05 was considered statistically
signi®cant.

Numerical simulation

Nerve terminal APs were simulated according to Hodgkin and
Huxley.23 Voltage-dependent calcium currents (ICa) at the active
zone were modeled by a third-order kinetic scheme:

ICa � gCap3�Vaz 2 VCa�;
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where gCa is the maximal conductance normalized for membrane
area, p is a numerically integrated value according to the equation:

dp

dt
� ap�1 2 p�2 bpp

and VCa is the calcium reversal potential. The voltage dependencies
of the ªonº and ªoffº rate constants, respectively, are described by
the following equations:

ap � 0:06�e��Vaz124�=14:5��

bp � 1:7=�e��Vaz134�=16:9� 1 1�;
where Vaz is the local active zone membrane potential. Values of the
parameters in these equations were determined according to their
ability to predict the kinetic features of ICa recorded at voltage-
clamped Xenopus nerve terminals in response to step voltage
changes.68 IKCa was calculated from the equation:

IKCa � gKCa�Vaz 2 VK�;

where gKCa was calculated according to the equations of
Moczydlowski and Latorre40 and the parameters of Hudspeth and
Lewis,25 and VK is the potassium reversal potential. The Ca21

concentration activating the gKCa conductance40 was calculated
from ICa according to the equation [Ca]i� ICa/pFDd,47 where D,
the diffusion coef®cient, was set to 2 £ 1026 cm2/s and the para-
meter d was set to the diameter of a membrane area representing
summed active zone areas. The maximum values of gCa and gKCa

were set to preserve the ratio described by Hudspeth and Lewis,25

while eliciting Ca21 current magnitudes similar to the experimental
data acquired in cultured Xenopus nerve terminals. The ratio of
active zone membrane area (Aaz) to the nerve terminal area (Ant)
and the series resistance (Rs) value were adjusted in order to simu-
late a signi®cant electrical isolation of the Ca21 and KCa channels in
the active zone without in¯uencing the overall membrane potential
in the nerve terminal. Membrane capacitances were scaled accord-
ing to area, assuming a speci®c value of 1 mF/cm2. Numerical
integrations were performed using SCoP (Simulated Research,
Berrien Springs, MI).

RESULTS

Effect of BK channel blockade on evoked
neurotransmitter release

Presynaptic nerve stimulation evoked EPCs of vari-
able amplitude, which is characteristic of this preparation
(see Fig. 1). Perfusion of the nerve±muscle synapse
with ChTX (10±100 nM) decreased EPC amplitude by
32.7^ 7.6% (mean^S.E.M., n� 15; P , 0.05). Five of
these 15 recordings showed no signi®cant effect, while
10 had reductions that averaged 47%. Table 1 lists the
effects of ChTX in individual recordings and Fig. 1A
shows the time course of the effect of ChTX in a sample
recording. In a separate set of experiments, bath per-
fusion with another selective BK antagonist, IBTX
(100 nM), caused a signi®cant decrease in EPC ampli-
tude that averaged 39.7^ 12% (mean^S.E.M., n� 7;
P , 0.02). Three of these seven recordings showed no
signi®cant effect, while four had reductions that averaged
64%. Table 1 outlines the speci®c effects of IBTX in
individual recordings and Fig. 1B shows the time course
of the effect of IBTX in a sample recording. To control
for the potential effects of vehicle, the effects of lengthy
bath perfusion with 0.1 mg/ml cytochrome c dissolved in
NFR were examined and shown to have no signi®cant
effect on EPC amplitude (n� 7; see Table 1). In addition,
perfusion with NFR had no effect on EPC amplitude
(n� 4).

The effect of BK blockade on EPC amplitude contrasts
with the effect of a blocker of voltage-gated potas-
sium channels, 3,4-DAP (100 mM), which consistently
increased the amplitude of EPCs recorded from post-
synaptic muscle cells. A sample recording in which
3,4-DAP increased EPC amplitude is shown in Fig. 1C,
and this increase was reversed by subsequent application
of ChTX. Thus, despite the fact that blockers of voltage-
gated potassium channels can increase EPC amplitude,
selective blockers of BK channels can decrease EPC
amplitude at this cultured nerve±muscle synapse.

We have performed several experiments that control
for potential effects of IBTX and ChTX on our measure
of transmitter release that go beyond their reported effect
on BK channels. To test for possible postsynaptic effects
at these embryonic synapses, we recorded mEPCs (in the
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Fig. 1. Effects of potassium channel blockers on transmitter release.
(A, B) Blockade of calcium-activated potassium current reduced
transmitter release. Exposure of the nerve±muscle synapse to
100 nM ChTX (A) or 100 nM IBTX (B) reduced the amplitude of
EPCs recorded from postsynaptic myocytes. Overall, application of
ChTX decreased release by 32.7^ 7.6% (n� 15) and application of
IBTX decreased release by 39.7^ 12% (n� 7). (C) Exposure to 3,4-
DAP increased transmitter release, and this increase could be reversed
by 30 nM ChTX. Insets: representative EPCs taken from the time

points indicated in the plots by ®lled circles.



presence of 1 mM tetrodotoxin) from postsynaptic muscle
cells before and after exposure to 100 nM IBTX (Fig. 2A).
The mean mEPC amplitude was not signi®cantly affected
by exposure to IBTX (253.5^79.8 pA before and
270.5^ 68.5 pA after exposure to IBTX, n� 5). A cumu-
lative frequency plot of normalized mEPC amplitudes
from ®ve synapses before (open circles) and after (®lled
circles) IBTX application is shown in Fig. 2B. As a further
test of possible postsynaptic effects of IBTX, a direct
measurement was made of the effect of IBTX on acetyl-
choline (ACh)-activated receptor currents in myocytes.
Fast perfusion8 of ACh onto myocytes induced an inward
current that was not affected by pretreatment with
100 nM IBTX. A representative example of ACh-activated
current measured before and after exposure to 100 nM
IBTX is shown in Fig. 2C. In four such experiments,
there were no signi®cant effects of IBTX on ACh-
activated receptor currents (9.95^ 1.75 nA control vs
9.88^ 1.73 nA IBTX; mean^ S.E.M.).

In addition to examining the effect of the toxins on

mEPC amplitude, we considered the possibility that
BK channel blockade might alter directly the probability
of transmitter release. To test this possibility, we exam-
ined the frequency of spontaneous mEPCs before and
after application of 100 nM IBTX. The frequency of
mEPCs before (open symbols) and after application of
IBTX (®lled symbols) in four separate nerve terminals
(each represented by a different symbol shape) is plotted
in Fig. 2D. The EPC amplitude in each of these four
synapses was signi®cantly reduced by IBTX. Although
these synapses had different control mEPC frequencies,
there was no signi®cant effect of IBTX on the frequency
of these events.

Finally, we considered the possibility that IBTX or
ChTX could decrease EPC amplitude by partial blockade
of presynaptic calcium channels. We tested the effect of
IBTX or ChTX on calcium current evoked by depolariz-
ing voltage steps. The two toxins had no signi®cant effect
on either somal or varicosity calcium current (Fig. 2E).
We have found that the proportions of pharmacologically
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Table 1. Summary of the effects of various treatments on endplate current amplitude at individual synapses

Treatment [Drug]
(nM)

Control mean^ S.E.M.
(2pA)

Drug-treated
mean^S.E.M. (2pA)

Change
(%)

ChTX
1 10 1809^ 99 1113^ 33 2 38.5*
2 10 1187^ 63 672^ 45 2 43.3*
3 10 3534^ 95 2845^ 100 2 19.5*
4 10 1688^ 29 1630^ 48 2 3.4
5 100 1161^ 26 752^ 49 2 35.2*
6 30 1601^ 143 846^ 134 2 47.1*
7 30 4256^ 105 3977^ 91 2 6.6
8 30 4666^ 185 4439^ 152 2 4.9
9 100 2481^ 172 2425^ 177 2 2.3

10 100 3902^ 75 3417^ 148 2 12.4*
11 30 5760^ 239 708^ 52 2 87.7*
12 30 1637^ 195 1111^ 119 2 32.2*
13 100 2722^ 80 998^ 57 2 63.3*
14 100 1269^ 80 1217^ 87 2 4.2
15 100 2847^ 148 307^ 27 2 89.2*

IBTX
1 100 714^ 126 296^ 42 2 58.5*
2 100 4980^ 160 5011^ 294 1 0.6
3 100 1015^ 155 1027^ 131 1 1.1
4 100 1473^ 219 1133^ 291 2 23.1
5 100 3193^ 153 1599^ 128 2 49.9*
6 100 1522^ 74 418^ 59 2 72.5*
7 100 5176^ 309 1251^ 30 2 75.8*

Cytochrome C
1 0.1 mg/ml 705^ 44 621^ 105 2 11.9
2 0.1 mg/ml 833^ 95 805^ 132 2 3.3
3 0.1 mg/ml 2474^ 134 2582^ 193 1 4.4
4 0.1 mg/ml 4023^ 329 3392^ 424 2 15.7
5 0.1 mg/ml 2972^ 380 2138^ 303 2 28.1
6 0.1 mg/ml 2728^ 742 2676^ 597 2 1.9
7 0.1 mg/ml 3495^ 272 3697^ 266 1 5.7

NFR
1 1383^ 196 1369^ 142 2 1.0
2 2374^ 226 2264^ 122 2 4.6
3 3571^ 236 3765^ 295 1 5.1
4 306^ 22 301^ 20 2 1.6

The mean EPC amplitude reported for each synapse was calculated by averaging the amplitudes of EPCs
before and after each drug was applied. The asterisks indicate differences in the means that are statistically
signi®cant (P , 0.05).



identi®ed N-type calcium current in motoneuron somata
and varicosities are similar (Poage and Meriney, unpub-
lished observations). A representative example of
calcium current evoked in a motoneuron soma before
and after application of 100 nM IBTX is shown in Fig.

2Ea. In four such experiments, there were no signi®-
cant effects on the magnitude of calcium current
(338.2^ 173.3 pA control vs 334.2^ 169.6 pA IBTX).
Similarly, Fig. 2Eb shows a representative example of
calcium current evoked in a varicosity before and after
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Fig. 2. Exposure to BK channel blockers does not affect ACh receptor current, calcium channel current or mEPC frequency. (A)
mEPCs recorded from an innervated muscle (voltage clamped at 280 mV) in the presence and absence of IBTX. The lower graphs
are 1-s sweeps of data taken from the areas indicated by the circles. (B) Normalized cumulative probability plot of mEPCs recorded
from ®ve nerve±muscle synapses before (open circles) and after (®lled circles) a 10-min exposure to 100 nM IBTX. The amplitudes
were normalized to the largest mEPC value in each recording. Symbols represent the mean^S.E.M. (C) The inward current
activated by application of ACh to a myocyte is not affected by perfusion with 100 nM IBTX. (D) The frequency of mEPCs is
not affected by application of IBTX. Results from four different synapses (each represented by a different symbol shape) are shown.
The y-axis indicates the number of mEPCs in 15-s bins recorded in the absence (open symbols) and presence (®lled symbols) of
100 nM IBTX. EPC amplitude was signi®cantly reduced in each of the four recordings shown. (E) Voltage-gated calcium current
recorded from a neuron soma (step to 120 mV, Vhold�280 mV) is not affected by 100 nM IBTX (a). Calcium channel current

carried by barium recorded from a varicosity (step to 120 mV, Vhold�270 mV) is not affected by 30 nM ChTX (b).



application of 30 nM ChTX. In three such experiments,
there were no signi®cant effects on the magnitude of
calcium current.

Effect of BK blockade on action potentials recorded at
varicosities

Since we hypothesize that BK channels contribute
signi®cantly to the repolarization phase of the AP at
the active zone, the effect of BK blockade on varicosity
APs was examined. APs were recorded from 12 separate
varicosities and the effects of 100 nM IBTX were exam-
ined following bath perfusion. IBTX had variable effects
on AP shape recorded from varicosities. The range of the
effects of IBTX on AP shape is shown in Fig. 3. In three
recordings, no effect of IBTX was observed (Fig. 3A). In
eight recordings, the peak of the AP varied slightly and/
or the peak of the afterhyperpolarization decreased
signi®cantly (Fig. 3B). An unusual recording in which
there was a signi®cant broadening of the repolarizing
phase of the AP and a large reduction in the amplitude
of the afterhyperpolarization is shown in Fig. 3C.
Although we observed the signi®cant effects reported
above in individual recordings, when the population of

recordings was tested as a whole, there was no signi®cant
change in AP shape following IBTX exposure.

In summary, we observed signi®cant reductions in
EPC amplitude following BK channel blockade (Fig. 1,
Table 1), but could not observe consistent signi®cant
effects on the AP waveform recorded from varicosities.
Unlike voltage-clamp recordings of isolated calcium
current, these recordings of AP shape were made in
normal saline with all membrane conductances intact.
Under these natural conditions, we hypothesize that the
active zone patch of membrane that regulates transmitter
release, and contains most of the calcium and BK
channels in the varicosity, is isolated signi®cantly from
the site of AP recording. As such, it is dif®cult to observe
effects of BK channel blockade on the whole varicosity
AP.

Numerical simulations

As a test of the hypothesis that blockade of BK
channels can modify the active zone AP shape and
depress local Ca21 entry without a consistent, measurable
effect on the AP detected by our patch recordings, we
developed a two-patch equivalent circuit model ana-
logous to that of Taylor et al.63 (also see Ref. 28). The
equivalent circuit model illustrated in Fig. 4A contains
two patches of membrane, each with its own conduc-
tance, separated by a series resistance (Rs� 5 V cm2).
One patch of membrane, representing the nerve terminal,
contains Hodgkin and Huxley-type Na1, K1 and leak
channels, and can produce an AP by simulated current
injections. The second patch of membrane is smaller and
represents the active zone membrane containing only
Ca21 and KCa channels; current ¯owing from the larger
patch and from local active conductances is responsible
for charging and discharging its membrane capacitance.
The membrane potential across the large patch is denoted
as the nerve terminal voltage (Vnt; Fig. 4A) and represents
the voltage measured experimentally. Vaz is the trans-
membrane voltage across the active zone membrane
responsible for the activation of gCa and gKCa. The
model predictions of the two-patch model during an
AP in the presence of KCa current (thick lines) and
when gKca was reduced by 99% (thin lines) are illustrated
in Fig. 4B. It can be observed that this reduction in the
magnitude of gKCa (see IKCa trace in Fig. 4B) slightly
decreases the rate of repolarization of the whole terminal
AP (Vnt; Fig. 4B). However, the late repolarization phase
of the local active zone voltage change (Vaz; Fig. 4B) is
signi®cantly broadened. In both patches there is little or
no change in the peak voltage. Moreover, the reduction in
gKCa reduces the rate of rise and peak of the calcium
current (ICa; Fig. 4B).

The contrasting model predictions for the effects of a
delayed recti®er blocker, such as 4-aminopyridine, which
presumably acts upon delayed recti®er channels of the
nerve terminal, are shown in Fig. 4C. It can be observed
that a 10-fold reduction in gK in the simulation leads to a
signi®cant prolongation of the AP in the whole nerve
terminal and in the active zone (Fig. 4C, Vnt and Vaz,
respectively). This is in agreement with experimental
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Fig. 3. Three representative effects of 100 nM IBTX on APs recorded
from varicosities. IBTX had variable effects on AP waveforms that
included no signi®cant effect (A), a reduction in the amplitude of the
afterhyperpolarization (B), and a broadening in the late phases of
repolarization and a reduction in the afterhyperpolarization (C).
Cumulative analysis from 12 such varicosities showed no signi®cant

effect of IBTX on AP shape.



results.50,67 Moreover, the prolongation of the AP is
predicted to be associated with a marked increase in
ICa (compare thick and thin ICa traces in Fig. 4C),
which is also consistent with the potentiating effect of
4-aminopyridine on synaptic transmission. An interest-
ing prediction of this simulation, which we have not yet
con®rmed, is the remarkable increase in IKCa that should
occur as a result of the gK block and the concomitant AP
prolongation.

Effect of action potential broadening on calcium in¯ux at
varicosities

Given the results of our numerical simulation, we
sought to provide support for these hypotheses using
direct recordings of varicosity calcium current activated
by model AP waveforms under conditions that isolated
calcium current by blocking sodium and potassium
currents. The effects on varicosity calcium current
when the sample APs displayed in Fig. 3C were used
as voltage-clamp commands are illustrated in Fig. 5A.
When these AP waveforms were used as voltage
commands, the peak calcium current was slightly, but
signi®cantly, reduced by 4.0^ 0.9%, while the total
calcium in¯ux (integral) was signi®cantly increased by

12.6^ 1.8% (mean^S.E.M., n� 6). Since this sample
AP waveform may not faithfully represent the effects of
IBTX on AP shape in the active zone region, we inves-
tigated the effects of systematic broadenings in the
repolarization phase on a model AP waveform. This
approach further elucidates the types of AP modi®cation
that would produce a decrease in peak calcium current
and provides a basis for hypotheses related to the effects
of BK channel blockade on EPC amplitude. As a
template, a control varicosity AP was used as a model
to construct simpli®ed AP waveforms. The varicosity AP
was scaled slightly such that it had a resting potential of
260 mV and a peak amplitude of 130 mV. The scaled
AP was then modeled faithfully with a series of ramps up
to the peak. The repolarizing phase was simpli®ed to a
single ramp to allow for consistent modi®cation (Fig.
5B).44 The repolarizing phase of the model waveform
was broadened so that it reached the resting potential
1 ms later than the control waveform. This broadening
was begun at 100-ms intervals in the repolarization. A
sample recording of calcium currents activated using a
control AP waveform and one that was broadened begin-
ning at the peak are shown in Fig. 5C. Following AP
broadening that began at the peak, calcium current
amplitude was slightly increased by 3^ 1.8% (n� 6).
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Fig. 4. Two-patch equivalent circuit model of the nerve terminal containing a partially isolated active zone membrane patch. (A)
Equivalent circuit. The model includes voltage- and time-dependent conductances (gNa, gK) and a constant gL, electrically isolated by
a series resistance (Rs) from an active zone membrane patch with voltage- and time-dependent gCa, and a voltage-, time- and Ca21-
dependent gKCa. Vnt and Vaz are the membrane potentials across the whole nerve terminal and the active zone patch, respectively; Cm1

and Cm2 are capacitances of the nerve terminal and active zone membrane patches, respectively; VNa, VK, VL and VCa are reversal
potentials for Na1, K1, leak and Ca21 conductances, respectively. (B) Model simulation of the effects of BK channel blockade.
Simulated time course of the variables Vnt, Vaz, ICa and IKCa, when the maximum gKCa conductance is set to either 0.4 nS/mm2 (thick
trace) or 0.004 nS/mm2 (thin trace). Nerve terminal membrane APs were elicited by 0.5-ms current steps of 100 pA. Other simulation
parameters were set as follows: Vrest�260 mV; VNa� 65 mV; VK�295 mV; VL�257 mV; VCa� 80 mV; gNa� 0.6 nS/mm2; gK

� 0.08 nS/mm2; gCa� 0.1 nS/mm2; gL� 0.001 nS/mm2; Cm1� 0.3 pF; Cm2� 0.015 pF; Rs� 5 V cm2. (C) Model simulation of the
effects of 4-aminopyridine. Simulated time course of the variables Vnt, Vaz, ICa and IKCa, when the maximum gK conductance is set to

either 0.08 nS/mm2 (thick trace) or 0.008 nS/mm2 (thin trace).



In contrast, Fig. 5D shows a sample recording of the
effects on calcium current of using an AP waveform
that was broadened beginning when repolarization was
20% complete. Following AP broadening that began
during the repolarization phase of the AP, peak calcium
current was decreased by 10^ 2.5% (n� 6; Fig. 5D).
The square symbols in Fig. 5E plot the effects on peak
calcium current of AP waveforms in which broadening
begins at various time points after the peak of the AP.
Variations in the timing of the beginning of broadening
revealed that when broadening was begun at 20% of AP
repolarization, peak calcium current was maximally
decreased (Fig. 5E, squares). In contrast, when total
calcium in¯ux was measured, broadening of the AP
either had no effect (when broadening began later than
50% of AP repolarization) or increased total calcium
in¯ux (when broadening began before 50% of AP
repolarization; Fig. 5E, circles). These effects are
smaller than, but similar to those reported by Pattillo et
al.44 when AP waveforms of varying shape were
broadened and used as voltage-clamp commands in
chick ciliary ganglion cell somata.

DISCUSSION

We report a decrease in EPC amplitude following
blockade of BK channels in Xenopus nerve±muscle co-
cultures. This is in contrast to the effect of blockade of
either BK channels48 or voltage-gated potassium channels41

on synaptic transmission at the adult frog neuromuscular
junction. Indeed, in most preparations, blockade of potas-
sium channels causes an increase in the duration of AP
repolarization, increased calcium in¯ux and increased
transmitter release.3,50,67 Similarly, in Xenopus vari-
cosities, blockade of voltage-gated potassium channels
by 3,4-DAP increased transmitter release magnitude
(Fig. 1C).

Since IBTX or ChTX does not affect presynaptic
calcium channels, postsynaptic ACh receptor sensitivity
or spontaneous mEPC frequency, we postulate that
these agents have speci®c effects on presynaptic BK
channels at cultured Xenopus nerve±muscle synapses.
We hypothesize that the decrease in EPC amplitude
caused by BK channel blockade resulted from a broaden-
ing of the presynaptic AP that decreased the driving force
for calcium entry, and that our inability to record a
consistent effect on varicosity APs may be due to elec-
trical isolation of the active zone membrane. Since BK
channels have been shown to be co-localized with the
calcium channels that regulate transmitter release,68,69

we expect that BK channel expression may be restricted
to highly localized active zone regions of the varicosity.
The currents that ¯ow in active zone regions of the vari-
cosity may have a limited in¯uence over the whole vari-
cosity AP. In fact, optical detection of increases in
intracellular calcium following AP invasion in these
nerve terminals has revealed discrete microdomains of
calcium in¯ux.16
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Fig. 5. Effects of AP broadening on barium current through calcium channels. (A) When the AP waveforms shown in Fig. 3C were
used as voltage-clamp commands (top traces), peak barium current through calcium channels was slightly reduced, while total in¯ux
was increased (bottom traces). (B) A control AP waveform is shown (solid line) superimposed with the modeled waveform (dashed
line) that was used for systematic broadening. (C) Representative example of the effect of broadening the model AP from the peak on
barium current through calcium channels recorded from a varicosity. (D) Representative example of the effect of broadening the
model AP starting at 20% of repolarization on barium current recorded from a varicosity. (E) Summary plot of the effects of AP
broadening on peak barium current (squares) and total barium in¯ux (integral; circles). The ratio of currents activated by broadened
vs control APs was compared to a theoretical population (mean� 1) using the paired Student's t-test. *P , 0.05, signi®cantly

different (n� 6).



To evaluate this hypothesis, we developed a mathe-
matical model using an equivalent circuit model of two
patches of membrane: an active zone patch containing
Ca21 and KCa channels, and a nerve terminal (varicosity)
patch containing Na1, K1 and leak channels (Fig. 4). The
simulations predicted effects of BK channel blockade on
calcium current and AP shape, and support our hypoth-
esis that the active zone membrane patch may be
partially isolated by a signi®cant series resistance (Rs).
This resistance could represent the electrical isolation
imposed by a convergent current density in the cytoplasm
between the recording site and the active zone. Recent
observations using a combination of pre- and postsynap-
tic markers (DiGregorio et al., unpublished observations)
show that the separation between transmitter release
specializations along Xenopus nerve±muscle contacts is
,10±20 mm, although it is possible that more than one
active zone could exist within these areas of special-
ization. Thus, assuming cylindrical nerve terminals of
,2 mm in diameter and with an internal resistivity of
100 V cm,24,47 the calculated access resistance to active
zones could be approximately 1.6 MV. This is slightly
smaller than the Rs value of 5 MV used in the model
simulations. However, it is likely that narrowing of
nerve terminal segments between the site of recording
and the active zone, and/or a larger internal resistivity,
could account for the difference. Other factors that may
plausibly contribute to a relatively large Rs are the cloud
of vesicles which surrounds the active zone12,66 and the
restricted space of the synaptic cleft, where the pre- and
postsynaptic membranes are estimated to be 50±70 nm
apart over areas of contact of about 6±12 mm2.12,66 This
synaptic cleft is not unlike the Schwann cell ªexitº clefts
that are thought to give rise to a signi®cant series resis-
tance in the squid giant axon.58 In fact, after adjusting for
the difference in the resistivity of seawater13 and NFR,19

the predicted values of Rs are within the range that could
predict our experimental observations.

From the above discussion, it is clear that the relative
electrical isolation of the active zone membrane from the
site of recording can be explained by the cable properties
of the nerve terminal segments between the recording
site and the active zone. In current-clamp conditions,
the presence of unblocked membrane conductances
would diminish measured changes in membrane voltage.
Indeed, Poolos and Johnston45 have recently shown a
reduced effect of BK blockade on APs recorded in
CA1 pyramidal cells with increasing distance from
the cell soma (where the BK channels are likely to be
clustered). We consider it likely that our current-clamp
recordings of AP shape were at variable and unpredict-
able distances from the active zone. In contrast, under
voltage-clamp conditions, the resistance of the mem-
brane would be increased by pharmacological and ionic
block of potassium and sodium conductances, thus
increasing our ability to control the voltage at a more
distant membrane. In this regard, our model is a two-
membrane patch approximation of the more realistic
distributed cable of the nerve terminal, including the
varicosity and active zone.

Selective blockade of BK channels has previously

been shown to broaden somal AP repolarization at rela-
tively late phases in the AP as compared with voltage-
gated potassium channel blockade. Depending on the
cell type studied, selective BK channel blockade has
been shown to cause AP broadening after the peak of
the AP at various time points during the repolarizing
phase.14,52,55,59,70 To test the predictions of the numerical
simulation and investigate the range of changes in AP
shape that would result in decreased calcium current,
several example AP waveforms were used as voltage-
clamp commands in recordings of isolated calcium
current from varicosities. When the repolarizing phase
of an AP waveform was broadened beginning at different
time points, it was found that the effect of broadening
on the peak of the elicited calcium current was dependent
on the precise timing of the initiation of broadening.
Broadening that began at 20% of repolarization
decreased peak calcium current by about 10%. AP
broadening initiated after the peak of the AP is likely
to have effects due primarily to decreased driving force
and slowed calcium channel deactivation, rather than
causing the activation of a greater number of channels.44

Thus, we hypothesize that BK channel blockade reduces
transmitter release at this synapse by decreasing the driv-
ing force for calcium during AP repolarization. Although
our data indicate a relatively small decrease in peak
calcium current using the model APs (about 10% when
broadening from 20% of repolarization), transmitter
release magnitude at the adult neuromuscular junction
has been found to be proportional to calcium entry raised
to the fourth power.17 This would predict a roughly 35%
decrease in transmitter release resulting from a 10% drop
in calcium entry. The fact that we often observed a larger
decrease in transmitter release may be due to a larger
than fourth power relationship between calcium and
transmitter release.15,69 Recent experiments suggest that
a ®fth power relationship may exist at release sites in
Xenopus varicosities,69 which would predict a 40%
decrease. Our numerical simulations and calcium current
recordings suggest that the local effect of BK channels on
AP shape at active zone regions of Xenopus nerve±
muscle synapses can be explained by an acceleration of
AP repolarization within a time window over which driv-
ing force effects on calcium in¯ux predominate.44

However, the precise effect of BK channel blockade on
the natural AP shape at the active zone is likely to be
similar, but not identical, to the waveforms we have
tested here. Based on the magnitude of effects of BK
channel blockade on release at many of the syn-
apses studied, we hypothesize that peak calcium in¯ux
is altered to a greater extent than revealed using our
model AP waveforms.

At the other end of the spectrum, the absence of effects
of BK channel blockade in some recordings could be due
to several issues. First, there may be developmental
differences in the expression and coupling of BK chan-
nels at these embryonic synapses. In fact, Sugiura and
Ko60 have reported that BK channel blockade had no
effect on adult 14-day regenerating frog neuromuscular
junctions. Second, there may be heterogeneity among
cultured cholinergic neurons that form synapses with
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muscle in culture. Indeed, we have found that a signi®-
cant fraction of neurons do not express measurable BK
current (Yazejian and Grinnell, unpublished observa-
tions). We cannot distinguish a priori between different
types of cholinergic neurons that might be present in this
culture system, and as such, we cannot be sure that they
are all expressing a similar complement of presynaptic
ion channels. Third, recent studies have shown that
expression of BK channel b-subunits can alter the sensi-
tivity of these channels to scorpion toxins such that 10±
30 nM ChTX may not provide complete blockade.18

However, this seems unlikely in the case of BK channels
in Xenopus varicosities, as their low calcium sensitivity
suggests a lack of b-subunit expression.37,69

A further implication of the data presented here is that,
during an AP at the embryonic Xenopus neuromuscular
junction, the magnitude of transmitter release is regu-
lated by the rate of calcium in¯ux during the early part
of the calcium current, and not the total AP-evoked
calcium in¯ux. The largest and most transient increases
in intracellular Ca21 concentration will occur near the
mouth of the calcium channel,2 and this local calcium
transient will be the most sensitive to subtle changes in
driving force. As such, the calcium sensors for trans-
mitter release at this synapse may be relatively close to
the calcium channels that open during an AP. Additional
transmitter release triggered by the large amount of
calcium that enters more slowly during the later phases
of the AP-evoked calcium in¯ux may be limited by the
time required to dock or prime additional vesicles at
release sites.

A decrease in transmitter release with AP broadening
has also been observed at the neuromuscular junction
of the jelly®sh.56 In that case, inactivation of A-type
potassium channels led to AP broadening beginning

just after the peak of the AP. This was followed by
decreased excitatory junction potential amplitude.
When these APs were used as voltage-clamp commands,
the broadened APs elicited calcium current with
decreased peak amplitude, increased time to peak and
increased total calcium in¯ux.56 These observations are
reminiscent of our data and provide an example of AP
broadening decreasing peak calcium in¯ux and trans-
mitter release, while total calcium in¯ux (integral) is
increased.

Finally, it is interesting to note that we observed a
decrease in transmitter release following BK channel
blockade at embryonic Xenopus neuromuscular synapses,
while Robitaille and Charlton48 observed an increase in
transmitter release at the adult frog neuromuscular junc-
tion. This difference could arise due to developmental
changes in ion channel numbers or kinetics,43,60 BK
channel sensitivity to calcium7 or AP shape. The data
presented in Fig. 5 suggest that a shift in the timing of
BK channel contribution from near the peak of the AP to
20% of repolarization could have opposite effects on peak
calcium current and the magnitude of transmitter released.
There may also be developmental changes in elements of
presynaptic structure, such as the spatial relationship
between calcium channels and calcium sensors. It will be
interesting to examine possible developmental changes in
the effects of BK blockade on transmitter release at these
embryonic synapses in future studies.
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